Abstract Multiple late Pleistocene glaciations that extended onto the continental shelf offshore Massachusetts, USA, may have emplaced as much as 100 km 3 of freshwater (salinity <5 ppt) in continental shelf sediments. To estimate the volume and extent of offshore freshwater, we developed a three-dimensional, variable-density model that couples fluid flow and heat and solute transport for the continental shelf offshore Massachusetts. The stratigraphy for our model is based on high-resolution, multichannel seismic data. The model incorporates the last 3 Ma of climate history by prescribing boundary conditions of sea level change and ice sheet extent and thickness. We incorporate new estimates of the maximum extent of a late Pleistocene ice sheet to near the shelf-slope break. Model results indicate that this late Pleistocene ice sheet was responsible for much of the emplaced freshwater. We predict that the current freshwater distribution may reach depths up to 500 meters below sea level and up to 30 km beyond Martha's Vineyard. The freshwater distribution is strongly dependent on the three-dimensional stratigraphy and ice sheet history. Our predictions improve our understanding of the distribution of offshore freshwater, a potential nonrenewable resource for coastal communities along recently glaciated margins.
Introduction
Freshwater resources are important for agriculture, industry, and domestic use; however, many freshwater resources, particularly groundwater, are declining [Barlow, 2003] . In coastal regions, freshwater resources are vulnerable to change as climate and sea level change [Ferguson and Gleeson, 2012] because sea level influences the position of the freshwater-salt water interface [Post et al., 2013] . Investigations of freshwater in deep sedimentary basins throughout northern North America show that much of the subsurface freshwater was emplaced during Pleistocene glaciations and is not in equilibrium with current meteoric recharge [Person et al., 2007a; Lemieux et al., 2008a; McIntosh et al., 2012; Neuzil, 2012; Person et al., 2012; Post et al., 2013] . These basins were all beneath or near the edge of the Laurentide ice sheet, and enhanced freshwater emplacement associated with ice sheets may explain the origin of the deep freshwater [McIntosh and Walter, 2005; Bense and Person, 2008; McIntosh et al., 2011] .
Evidence of glacially emplaced freshwater into the basins comes from many sources [Post et al., 2013] . Age data from carbon-14 and noble gases reveal a Pleistocene age for much of the freshwater [Morrissey et al., 2010; Schlegel et al., 2011] , and oxygen isotope data reveal isotopically light freshwater which is interpreted as water of glacial origin [Vaikmae et al., 2001; McIntosh et al., 2012] . In addition, numerical models indicate large volumes of subglacial meltwater may have been driven into basin sediments during Pleistocene glaciations [Person et al., 2007a Post et al., 2013] .
Sedimentary basins on the northern U.S. Atlantic continental shelf experienced glaciations in the late Pleistocene in combination with sea level change throughout the Pleistocene [Oldale and O'Hara, 1984; Uchupi et al., 2001; Siegel et al., 2012] . Sea level change is another mechanism that can drive freshwater emplacement [Meisler et al., 1984; Kooi et al., 2000] . A combination of climate-driven sea level change and glaciations has been implicated as the source of freshwater as far as 100 km offshore New Jersey that reaches depths of several hundred meters below the seafloor (mbsf) [Hathaway et al., 1979; Kohout et al., 1988; Cohen et al., 2010; Post et al., 2013] . On Nantucket Island, offshore Massachusetts, freshwater extends to depths greater Several two-dimensional and three-dimensional numerical modeling studies have predicted freshwater distributions for the continental shelf offshore New England. These models incorporated sea level change and ice sheets as boundary conditions in an effort to explain salinity patterns observed below Nantucket Island, and to predict the volume and distribution of offshore freshwater ( Figure 1d ) [Person et al., 2003; Marksamer et al., 2007; Cohen et al., 2010] . These studies were based on limited well data and low-resolution seismic reflection data, which do not allow for detailed stratigraphic or bathymetric features to be resolved and used as model inputs. Recent high-resolution, multichannel seismic reflection data offshore Massachusetts provide high quality bathymetry and new insights into the continental shelf stratigraphy and the seaward extent of glaciations. We use these new stratigraphic, bathymetric, and glacial interpretations as inputs to a three-dimensional, finite element, variable-density numerical model that couples fluid flow and heat and solute transport to better estimate freshwater volume beneath the Massachusetts continental shelf. This is the first time it is possible to represent the true three-dimensional stratigraphy offshore Massachusetts based on direct seismic observations. Therefore, we have enhanced capability to understand the impacts of three-dimensional stratigraphy, sea level cycles, and transient ice sheet loading on the distribution and the volumes of offshore freshwater.
We explore four model scenarios to understand basic hydrogeologic behavior and the emplaced volumes of freshwater: a base-case scenario and three different permeability scenarios. The base case is derived from our seismic-stratigraphic interpretations. The three permeability variations are (1) a system with a lower permeability for the near-surface glacial sediments; (2) a system with a higher-permeability deep carbonate unit; and (3) a simplified lithologic model that only employs two permeability values. Each scenario is then studied for time-varying sea level histories and three separate glacial histories (no glaciers, only the Last Glacial Maximum [LGM] glacial advance, and five glacial advances in the last 500 ka). With our simulations of coupled fluid flow and heat and solute transport, we show that the previously unrecognized extent of a late Pleistocene ice sheet advance resulted in as much as 100 km 3 of emplaced freshwater as far as 30 km offshore. The distribution of the freshwater, however, is strongly dependent on the threedimensional stratigraphy and ice loading history.
2. Geologic Background 2.1. Pleistocene Climate North American glaciations began at the end of the Pliocene, about 2.7 Ma B.P. [Bintanja and van de Wal, 2008; Balco and Rovey, 2010] . In the late Pliocene and early Pleistocene, 2.7-1.25 Ma B.P., sea level change had an average amplitude <80 m and a period of 41 ka [Ruddiman et al., 1986; Williams et al., 1988; Huybers, 2007] . In the middle Pleistocene, 1.25-0.7 Ma B.P., sea level change gradually increased in amplitude to 120 m and had dominant periods of 41 and 100 ka [Huybers, 2007] . In the late Pleistocene, 0.7-0.012 Ma B.P., sea level change had an average amplitude of 120 m and a dominant period of 100 ka. In the late Pleistocene, North American ice sheets had their greatest thickness and largest extent [Piper et al., 1994; Bintanja and van de Wal, 2008] . Siegel et al. [2012] identified seven stratigraphic units offshore Massachusetts that span the Cretaceous to the Holocene (Figure 2 ). The units show significant variability in stratigraphic thickness downdip and along strike. Unit 1 formed from slow, pelagic sedimentation during the Cretaceous and likely consists of carbonate sands. Unit 2 formed from slow, pelagic sedimentation during the Paleocene and Eocene and likely consists of carbonate mud and sand. Unit 3 formed from increased siliciclastic input during the Oligocene and Miocene [Steckler et al., 1999] and likely consists of silt and clay clinoforms. Unit 4 formed from rapidly deposited glacigenic sediments during the late Pleistocene and likely consists of poorly sorted silts and clays. Units 5 and 6 formed from high siliciclastic input with deposition responding to high-amplitude sea level change during the late Pleistocene [Metzger et al., 2000] and likely consist of sand, silt, and clay clinoforms. Unit 7 formed from siliciclastic sedimentation and glacial outwash during the late Pleistocene and Holocene and likely consists of sand and silt.
Stratigraphy, Glacial History, and Pore Water Geochemistry
Two regional unconformities (U1 and U2) are also present in the study region. U1 (Figure 2b ) is interpreted as a marine oxygen isotope stage (MIS) 12 glacial unconformity and marks the first Pleistocene shelfcrossing glaciation offshore Massachusetts [Siegel et al., 2012] . Several additional glacial advances occurred throughout the late Pleistocene, although their extent onto the shelf was less, probably terminating near the maximum extent of the Laurentide ice sheet during the LGM (Figure 1 ) [Oldale and O'Hara, 1984; Uchupi et al., 2001] . U2 is a shallow sequence boundary that formed during the last sea level fall (40-30 ka B.P.).
Pore water geochemical analysis from Atlantic Margin Coring Project (AMCOR) and U.S. Geological Survey (USGS) wells offshore New England and New Jersey and on Martha's Vineyard and Nantucket Island ( Figure  1 ) document freshwater that extends nearly 100 km offshore (AMCOR Site 6009 offshore New Jersey) and reaches depths up to 500 mbsl (Well USGS 6001 on Nantucket Island) [Kohout et al., 1977; Folger et al., 1978; Hathaway et al., 1979; Kohout et al., 1988] . Well USGS 6001 on Nantucket Island shows several stratigraphic zones with varying salinity: from 7.3 to 150 mbsl, salinity is generally <1 part per thousand (ppt) in a predominantly sand and gravel layer; from 150 to 360 mbsl, there is an irregular pattern of salinity ranging from 1 to 29 ppt (seawater is 35 ppt), where freshwater is predominantly in sands and salt water is in clays; below 360 mbsl, there is a zone of freshwater (salinity of 2-3 ppt) in a large sand body. The freshwater in well USGS 6001 is much deeper than that predicted by the Ghyben-Herzberg principle [Kohout et al., 1977; Marksamer et al., 2007] . Person et al. [2003] hypothesize that glaciations on the Massachusetts shelf flushed salt water from permeable units near shore, resulting in the salinity pattern observed in the USGS 6001 well and in the ENW-50 well on Martha's Vineyard (Figure 1 ).
Previous Continental Shelf Hydrogeologic Modeling Studies
Several modeling studies of the continental shelf offshore Massachusetts simulated fluid flow and solute transport with Pleistocene boundary conditions (e.g., sea level change, ice sheets, permafrost, and proglacial lakes) to estimate the offshore distribution of freshwater and to explain the salinity observed in well USGS 6001 [Person et al., 2003; Marksamer et al., 2007; Cohen et al., 2010; DeFoor, 2011] . These models used different assumptions of ice sheet extent and timing, sea level change, and stratigraphy, which resulted in different salinity patterns (Figure 1d ). One consistency, however, was that all the studies showed large volumes of freshwater were emplaced offshore due to the combined effects of Pleistocene sea level change and glaciations.
Person et al.
[2003] modeled a two-dimensional transect from onshore Massachusetts through Nantucket Island to the shelf-slope break. They employed a simplified lithology with alternating layers of sand and silt/ clay, and they assumed permafrost extended 50 km beyond the ice sheet edge. Sea level was prescribed as a sinusoid with a 100 ka period and a 120 m amplitude. Their models predicted that freshwater recharge during sea level lowstands was not enough to emplace the deep freshwater observed at well USGS 6001. When they imposed ice cover and associated subglacial recharge for 1 ka during the LGM, freshwater flushed aquifers and their models matched the salinity pattern at well USGS 6001 at 375 mbsl; however, due to the simplified stratigraphy, the model did not match the entire salinity profile at well USGS 6001 (Figure 1d) . Marksamer et al. [2007] modeled a similar two-dimensional transect to that of Person et al. [2003] , but their stratigraphy included more detail, containing five stratigraphic units based on the lithology at well USGS 6001. They incorporated sediment loading, permafrost, and proglacial lakes, and modeled the Laurentide ice sheet during the LGM. Sea level was prescribed as a sinusoid with a 100 ka period and a 120 m amplitude. Their results also indicate that differential loading and lateral flow driven by ice sheet loading was necessary to drive freshwater offshore. The refined stratigraphy improved the match of salinity variation between stratigraphic layers when comparing observed and modeled salinity; however, modeled salinity increased with depth, which is not observed in well USGS 6001 (Figure 1d ).
Cohen et al.
[2010] constructed a three-dimensional model to represent the continental shelf from offshore New Jersey to offshore Maine to assess the regional distribution of freshwater in the continental shelf. The large model extent prevented the use of detailed stratigraphy, so they only included three lithologic units (medium-coarse sands, fine sands, and silt/clays). They, however, included three Pleistocene glacial cycles (Wisconsin, Nebraskan, and Illinoian) and assumed each had a regional glacial extent identical to the LGM. Sea level was based on an isotopically derived sea level curve [Imbrie et al., 1984] for the past 200 ka and repeated for the entire Pleistocene with a 120 m amplitude. Thus, they incorporated short-period (several thousand year) sea level changes as observed in the isotopic record; however, they did not capture the general trend of Pleistocene sea level change period transitioning from 41 to 100 ka. Their results showed that in glaciated regions (i.e., offshore Massachusetts and Maine), freshwater emplacement was primarily in sand, however, there were no localized zones of salt water predicted at well USGS 6001 (Figure 1d ).
Numerical Modeling for This Study
We use a three-dimensional, finite element, numerical model to simulate variable-density groundwater flow and heat and solute transport for the Massachusetts continental shelf from the end of the Pliocene through the Holocene (3 Ma). Our model includes five late Pleistocene glaciations that extended onto the shelf. This model allows us to explore the complex influences of climate cycles and three-dimensional stratigraphy on offshore freshwater emplacement and distribution. Modeling heat flow allows us to explore the potential for convection-induced fluid and solute mixing due to geothermal heat transport from depth and recharge by cool subglacial water from the surface. We use PGEOFE, a parallel version of GEOFE, which is a serial, finite element-based paleohydrogeologic model [Person et al., 2007b; Cohen et al., 2010] .
Model Domain
Our numerical grid is based on the seismic and lithologic interpretations of Siegel et al. [2012] (Figure 2 ). The base of the model is defined by the depth to the top of Jurassic basement (Figure 2 ), which is interpreted as basalt based on its high P wave velocity [Siegel et al., 2012] and sampled Jurassic basalt at 460 mbsl on Nantucket Island well USGS 6001 [Folger et al., 1978] . Without constraints on the structure or thickness of the Jurassic basalt and to focus on the sedimentary section, we treat the basalt as a no flow boundary. Seven lithologic units overlie the Jurassic basement ( Figure 2 ). The physical properties of these units are based on interpreted sediment type (Table 1) and are referred to as the base-case (BC) model. The permeability and physical properties we select are based on previous modeling studies [Marksamer et al., 2007; Person et al., 2003; Cohen et al., 2010; Siegel et al., 2014 ] to allow comparison with previous studies. In addition, we varied permeability to explore the impacts of permeability architecture and uncertainty on the extent, distribution, and volume of offshore freshwater (see section 5.3).
We used a grid that contains 32,021 nodes and 172,167 tetrahedral elements that were generated by LaGrit [Gable et al., 1996] . The horizontal node spacing averages 2 km while the vertical node spacing ranges from 10 m in the near surface to 400 m in the deeper subsurface. We use the more refined vertical discretization in the near surface to insure there is enough grid resolution in the thin upper model units to avoid numerical dispersion.
Fluid Flow
We solve the following groundwater flow equation, which describes variable-density fluid flow and incorporates the effects of ice sheet loading [Cohen et al., 2010; Person et al., 2012] :
where ! is the gradient operator, k is intrinsic permeability, q o is density of water at the standard state (10 C, salinity of 0 ppt, and atmospheric pressure), g is acceleration due to gravity, l f is viscosity of water at elevated temperature, pressure, and salinity conditions, l r is relative viscosity (l r 5 l o /l f ), l o is viscosity of water at the standard state, h is hydraulic head relative to a reference datum of modern sea level (0.0 m), q r is relative density (q r 5 (q f 2 q o )/q o ), q f is density of water at elevated temperature, pressure, and salinity conditions, z is elevation relative to a reference datum of modern sea level (0.0 m), S s is specific storage, t is time, q i is ice density, and g is ice sheet thickness (see Tables 1 and 2 for model parameters). Equation (1) is similar to a standard equation for variable-density groundwater flow [e.g., Ingebritsen et al., 2007] , modified to account for the effects of ice sheet loading (@g/@t). When the ice sheet is present, we assume a loading efficiency of 1, which means the stress from the ice sheet results in an increase in subsurface pore pressure equal to the applied stress from the ice sheet [Lemieux et al., 2008b] . We do not account for the effects of sedimentation, which was shown to have little effect on salinity distribution [DeFoor, 2011] . The sides and base of the model are no flow boundaries. Treating the landward and seaward boundaries as no flow boundaries provides an end-member case that is conservative with respective to fluid flow and solute transport. The landward no flow boundary prevents meteoric or subglacial waters from entering through the landward model boundary. As topography increases landward and the glacial load thickens landward, this boundary condition provides a minimum input of freshwater into the model domain. The no flow seaward boundary is also conservative for freshwater fluxes. Allowing fluxes across the domain with direct pathways to the ocean enhances lateral transport and increases the offshore extent of the freshwater distribution [Cohen et al., 2010] . During simulations, the head for the top boundary is equal to sea level for subsea surface nodes, equal to land surface elevation for subaerial surface nodes, and controlled by glacial thickness for surface nodes beneath the modeled glacier (see sections 4.5 and 4.6). The initial condition is hydrostatic fluid pressure for the entire model domain.
Fluid density (q f ) and viscosity (l f ) are functions of pressure, solute concentration, and temperature. This relationship is defined by thermodynamic equations of state determined by Kestin et al. [1981] . 
where / is porosity, C is solute concentration, D is a three-dimensional hydrodynamic dispersion-diffusion tensor for porous medium which is a function of longitudinal and transverse dispersivity and solute diffusivity (see Table 2 for model parameters) [Konikow and Grove, 1977] , and q ! is the specific discharge vector.
We model the total dissolved solid concentration and report it as mass fraction (parts per thousand).
The initial pore water salinity is 35 ppt throughout the model. During the model simulation, subaerial surface nodes with downward fluid flow are assigned freshwater salinity (0 ppt), and subsea surface nodes with downward fluid flow are assigned seawater salinity (35 ppt). The sides and base of the model have no salinity exchange.
Heat Transport
Heat transport is determined from the conductive and convective-dispersive heat transfer equation [Cohen et al., 2010] :
where c s and c f are the specific heat capacities of the solid and liquid phases, respectively, q s is the density of the solid phase, T is temperature, and k is the thermal dispersion-conduction tensor, which is a function of solid and fluid thermal conductivity, porosity, longitudinal and transverse dispersivities, fluid density, fluid heat capacity, and the specific discharge vector (see Table 2 for model parameters) [de Marsily, 1986] . 
Sea Level Boundary Condition
The sea level boundary condition is applied by assigning surface nodes above sea level a hydraulic head equal to the surface elevation ( Figure 3 ) while surface nodes below sea level are assigned a hydraulic head equal to sea level. We start the simulation with a sinusoidal sea level curve for 1 Ma (Figure 4a ). Then, we prescribe an idealized, 2 Ma Pleistocene sea level curve (Figure 4b ). For the Pleistocene sea level curve, we assume sea level fall is 80% of a cycle in the early and middle Pleistocene and 85% of a cycle in the late Pleistocene [Lisiecki and Raymo, 2007] . Periodicity is 41 ka in the early Pleistocene, 100 ka in the late Pleistocene, and a combination of the two in the middle Pleistocene. Maximum sea level fall (relative to modern) is 85 m in the early Pleistocene, 120 m in the late Pleistocene, and varying with a range between 85 and 120 m the in the middle Pleistocene. 
Ice Sheet Boundary Condition
We prescribe the ice sheet boundary as a time series of ice sheet thickness and extent that represents the late Pleistocene glacial history on the shelf based on geophysical interpretations of an MIS 12 ice sheet that reached the shelf edge [Siegel et al., 2012] and the LGM ice sheet [Uchupi et al., 2001] . We assume that the MIS 12 glaciation was followed by four glacial advances identical in extent to the LGM (Figure 5a ). Hydraulic head at the base of the ice sheet is 90% that of the ice sheet height [Boulton and Caban, 1995] . This assumes a wetbased ice sheet, which is consistent with the interpretation that this region had an active ice sheet-ice stream system [Siegel et al., 2012] . The height profile of the ice sheet is a polynomial expression [van der Veen, 1998 ]:
where g is the height of the ice sheet at a particular location (node) which is a distance (n) from the center of the ice sheet. H and L are the maximum ice sheet thickness and length at a particular time step and reflect the change in size of the ice sheet over a glacial cycle. The maximum thickness prescribed for the MIS 12 ice sheet is 1200 m (Figure 5b ) based on the minimum ice sheet thickness (275 m) interpreted at the shelf edge [Siegel et al., 2012] . The maximum thickness prescribed for the remaining ice sheets is 500 m (Figure 5b ) based on numerical models of the LGM [Marshall et al., 2002] . The ice sheets build from the northern edge of the model and advance to the south. The late Pleistocene ice sheets were only on the shelf for several tens of thousands of years, a timeframe comparable to the timescale for isostatic adjustment [e.g., Peltier and Andrews, 1976; Peltier, 2011] . In our simulations, model nodes are deflected downward by 20% of the ice sheet thickness [Cohen et al., 2010] .
Results

Sea Level Change
Our initial simulation with the base-case model parameters (Table 1) ( Figure 6a ). Sea level change results in 18 km 3 of predicted, present-day freshwater (salinity <5 ppt) in the shelf system (1.1% of total fluid volume in our model domain). This estimate assumes freshwater-saturated sediments have a porosity of 0.2-0.3 (Table 1 ). The northern edge of the model domain has salinity <5 ppt (Figure 6a) , and the average salinity of the model domain is 24.2 ppt (Table 3) . Salinity also correlates with the surface elevation, with the eastern side of the model (20 m higher elevation) being fresher than the western side (Figure 7a ).
The average salinity of the system decreased with time after each sea level cycle (Figure 8 ). The time of highest average salinity nearly corresponds to the time of highest sea level (dashed lines in Figure 8 ), however, the time of highest average salinity lags behind the time of highest sea level by an average of 15 ka in the late Pleistocene. This shows that the lag time in the shelf hydrologic system is longer in the late Pleistocene when sea level fluctuations are larger.
The magnitude of response to sea level forcing varies in the proximal and distal portions of the model. To illustrate this, we focus on two points through time within Unit 2 (Figure 9 ), proximal point P1 and distal point P2 (locations shown in Figure 6 ). Salinity with time at P1 has a large magnitude of change with each sea level cycle, ranging from 30 ppt during a sea level highstand to 10 ppt during a sea level lowstand (Figure 9a3 ). Salinity with time at P2 becomes fresher with each sea level cycle; however, the magnitude of change with each sea level cycle is <2 ppt from a sea level highstand to a sea level lowstand (Figure 9a3 ). The irregular salinity fluctuations (Figures 9a3, 9b3 , and 9c3) under regular sea level fluctuations (Figures 9a1, 9b1 , and 9c1) are the result of three-dimensional fluid flow and solute transport influenced by three-dimensional stratigraphic variability, most notably along-strike variations (Figures 2 and  7) . Pore water samples offshore New Jersey also show complex salinity patterns in continental shelf sediments [van Geldern et al., 2013] . The magnitude of change in hydraulic head relative to change in sea level is similar in the proximal and distal points. The average hydraulic head of 220 to 230 m reflects the longterm trend of late Pleistocene sea level ranging from 2120 to 0 m. The average shore-normal flow rates across distal and proximal near-surface sediments (Units 6 and 7) are similar. They are highest during sea level lowstands and reach up to 0.2 m/a.
Late Pleistocene Ice Sheets
To explore the effects of Pleistocene ice sheets, several models were run with sea level cycles (section 5.1) but also including an ice sheet boundary condition ( Figure 5 ). When only simulating the LGM ice sheet (Figures 5b and 9b2) , 35 km 3 of present-day freshwater offshore (2.2% of total fluid volume in the model domain) is predicted (Table 3) . This is nearly double the amount of freshwater predicted in the simulation that only considered sea level change. The head induced by the LGM ice sheet drives freshwater 5 km farther offshore in the deeper sediments as compared to the sea level only simulation (Figure 6b ). The salinity pattern beyond the maximum extent of the LGM, however, shows little difference from the sea level only simulation (Figures 6a, 6b , 7a, 7b, 9a3, and 9b3). The average salinity of the system is 23.5 ppt, <1 ppt lower then the sea level simulation (Table 3) . These results are consistent with Cohen et al. [2010] , who showed that glacially emplaced freshwater does not extend far beyond the edge of the LGM ice sheet. The MIS 12 ice sheet, followed by four additional late Pleistocene glacial cycles (all glacial cycles shown in Figure 5a ) results in 100 km 3 of predicted, present-day freshwater offshore (6.3% of total fluid volume; Table   3 ). The freshwater extends up to 30 km beyond Martha's Vineyard (Figure 6c ). This is more than 5 times as much freshwater than the sea level only simulation and almost 3 times as much freshwater than the LGM ice sheet simulation. The average salinity of the system is 19.3 ppt, and the shelf has a broad region of brackish water (5-30 ppt; Figure 6c ).
Sensitivity Study
We conduct a sensitivity study to address the effects of permeability on freshwater distribution. Permeability has a strong control on the emplacement and preservation of Pleistocene meltwater in glaciated . Predicted, present-day salinity for base-case model (Table 1) with sea level fluctuations shown in Figure 4 and (a) no ice sheet; (b) single ice sheet advance during the Last Glacial Maximum (LGM); and (c) ice advance during Marine Oxygen Isotope Stage (MIS) 12 followed by four additional ice advances to the margin of the LGM (all glacial cycles shown in Figure 5 ). Dashed black lines are 5 ppt salinity contour. Thin black lines mark model unit boundaries. Arrows indicate the maximum extents of the MIS 12 and LGM ice sheets. The black dots (P1 and P2) mark the locations where salinity and hydraulic head are displayed through time (see Figure 9 ). Location of cross sections is shown in Figure 3 . To evaluate the impact of permeability architecture on freshwater distribution, we ran models with different permeability (Table 4 and Figure 10 ). Sensitivity study 1 (SS1) tests the effects of a lower-permeability confining layer at the surface (Unit 7). Sensitivity study 2 (SS2) tests the effects of a higherpermeability carbonate aquifer (Unit 1). Sensitivity study 3 (SS3) tests a simplified lithology (alternating layers of high and low permeability), which resembles previous models [Person et al., 2003; Cohen et al., 2010] . We did not vary specific storage or porosity in our sensitivity studies. Specific storage, unlike permeability, does not vary by several orders of magnitude within continental shelf sediments and porosity, unlike permeability, does not have a first-order control on fluid flow.
Geochemistry, Geophysics, Geosystems
Effect of Confining Unit Permeability at the Surface (SS1)
The lower-permeability confining unit at the surface (SS1) results in no predicted, present-day freshwater due to sea level change only. When considering sea level change and the LGM ice sheet, the model with the lower-permeability confining unit predicts 10 km 3 present-day freshwater offshore. Each of these volumes is less than predicted for the base-case model where the confining unit at the surface is more permeable (Tables 3-5) . Less freshwater infiltration due to sea level change is expected, as the lower-permeability layer reduces vertical infiltration in the near-surface layer, and prevents freshwater from entering the system during sea level lowstands. Cohen et al. [2010] observed a similar pattern in their three-dimensional sensitivity study where including low-permeability confining layers resulted in the least volume of freshwater (Table 5 ) with freshwater extending nearly as far as the base-case model (Figures 10a2  and 10b2) . In this scenario, in the lower-permeability confining layer, the MIS 12 ice sheet produced a larger hydraulic head than the base-case model and the lateral head gradient at the base of the glacier also changes because of the elevation profile of the glacier (Figure 5 ). In addition, the glacial advance and retreat are asymmetric (Figure 9c2) , which results in different times for the system to adapt to lateral flow during glacial advance and glacial retreat. Together these effects result in complex pressure and flow fields that change spatially and temporally. Consequently, even though the permeability is lower, freshwater infiltration occurs during glacial advances and this freshwater is driven laterally seaward. The lower-permeability layer helps preserve freshwater that was emplaced by the MIS 12 ice sheet by reducing the exfiltration rate of freshwater from all underlying units after ice sheet retreat (Figure 10b2 ).
Effect of Carbonate Permeability (SS2)
The inclusion of high-permeability carbonate sands without anisotropy (SS2) results in the emplacement of more freshwater under all boundary conditions compared to the base-case models. The predicted, presentday freshwater volume is 26, 58, and 104 km 3 from sea level change, the LGM, and the MIS 12 ice sheet boundary conditions (Table 5) . There is only a small change, however, in the amount of freshwater for the late Pleistocene glaciation boundary condition as compared to the base-case model (Figures 10a2 and  10c2 ). The increase in stored freshwater is due to the high-permeability carbonate sands (Unit 1) which have an order of magnitude higher fluid velocity and, thus, more freshwater is advected offshore during sea level lowstands. This higher velocity coupled with no anisotropy results in more dispersive mixing in the carbonate sands which smoothes the salinity gradient in the carbonate sands but also moves the 5 ppt salinity contour landward in comparison to the base-case model (Figures 10a2 and 10c2 ).
Effect of Simplified Lithology (SS3)
The simplified lithology (SS3) of alternating layers of high permeability (10 214 m 3 ) and low permeability (10 216 m 3 ) results in the smallest volume of freshwater in the system after the MIS 12 and late Pleistocene glaciations. The predicted, present-day freshwater volume with the MIS 12 ice sheet boundary conditions is 70 km 3 (Table 5) , with the maximum extent being 25 km offshore (Figure 10d2 ). This difference is primarily due to the lack of a large carbonate aquifer (Unit 1) that the previous models had and which enhances recharge of glacially derived freshwater.
Extended Ice Sheet Scenario
The difference in predicted freshwater between the base-case model with all the glacial cycles, including the MIS 12 ice sheet, and the base-case model with the LGM ice extent is likely due to (1) enhanced freshwater infiltration, where compared to the LGM ice sheet, the MIS 12 ice sheet was thicker (i.e., a larger driving force) and had a more expansive areal extent (i.e., a larger region affected by glacial recharge) and (2) remnant overpressure (hydraulic head in excess of hydrostatic) after the MIS 12 ice sheet retreat. Remnant pressures are created because of the interplay of asymmetric glacial loading, enhanced recharge driven by high pressures at the base of the glaciers in space and time, and lateral pressure transfer in permeable layers bounded by lower-permeability layers. This process is similar to lateral pressure transfer or flow focusing described in clay-sand systems [e.g., Yardley and Swarbrick, 2000; Flemings et al., 2002] where regions with high overpressure due to rapid, asymmetric sediment loading transmit overpressure to regions where loading was less. In our model system, the glaciers provide the asymmetric load and elevated heads at the base of the glacier, which drive lateral flow. This result is time dependent as the glacier advances/retreats over time. Retreat of the glacier decreases pressures due to unloading [e.g., Neuzil, 1993] ; however, it is after some loading-induced lateral pressure transfer. This creates a complex pattern of pressure generation, pressure transfer, and pressure decrease in three dimensions. We focus on the key results of this asymmetric loading-unloading and flow system for the MIS 12 glacial advance and subsequent glaciations.
There is an order of magnitude increase in freshwater infiltration during the MIS 12 glacial advance to near the shelf-slope break. Freshwater was emplaced throughout the shelf with 376 km 3 of emplaced freshwater by the time the ice sheet reaches its maximum extent (425 ka B.P.). This is consistent with continental-scale Geochemistry, Geophysics, Geosystems 10.1002/2014GC005569 models of the Laurentide ice sheet, where ice sheet loading produces large volumes of freshwater that infiltrate and charge deep basins [Lemieux et al., 2008a] . The four late Pleistocene glacial cycles following the MIS 12 glaciation each recharge several 10s of km 3 of freshwater into the system; however, our analysis suggests the majority of the freshwater offshore at present was emplaced by the MIS12 ice sheet. Lemieux et al. [2008a] noted that permafrost could influence freshwater infiltration rate as it creates an impermeable layer at the surface. We did not include the formation of permafrost because of the proximity to the ocean which we track during our prescribed sea level cycles. This proximity to the ocean moderates the temperature, and we assumed this would keep it above freezing and, thus, prevent the formation of sustained permafrost regions.
MIS 12 ice sheet loading and pressures at the base of the glacier cause an increase in overpressure in the permeable sediments above Unit 5. The overpressure decreases to the south as ice thickness decreases, and consequently, creates a seaward overpressure gradient that yields increased seaward-directed fluid flow in shelf sediments. This drives freshwater offshore. McIntosh et al. [2011] predicted a similar pattern in the near-surface sediments of the Michigan basin during glaciations, which contributed to freshwater flushing of sedimentary units below and beyond the extent of the Laurentide ice sheet.
Overpressures that develop due to the MIS 12 ice sheet are preserved below low-permeability confining layers (Units 3 and 5) long after ice sheet retreat (400 Ka B.P.; Figures 9c4, 11a , and 11b). When the MIS 12 ice sheet was at its maximum (425 ka B.P.), nearly 1000 m of excess hydraulic head developed in the sediment where ice overburden was greatest (see Figure 5b for MIS 12 ice sheet profile). By the time the ice sheet has fully retreated and sea level is at a highstand (400 ka B.P.), overpressure in sediments above the (Figures 11a and 11b) and B-B 0 (Figures 11c and 11d ) are shown in Figure 3 .
Geochemistry, Geophysics, Geosystems confining layers has nearly dissipated and hydraulic head is equivalent to sea level (Figures 11a and 11b) . Sediments below the confining layers, however, maintain elevated overpressure after the ice sheet has fully retreated (Figures 11a and 11b ). This occurs from the migration of overpressure into the deeper sediments during MIS 12 ice sheet retreat. McIntosh et al. [2011] observed a similar phenomenon of glacially derived overpressure persisting in deeper confining units in their model after ice sheet retreat.
Remnant, glacially derived overpressure helps preserve emplaced freshwater because the overpressure drives fluid flow toward the surface, and thus, prevents downward intrusion of seawater during highstands. Remnant overpressure is higher in the northwest region (landward portion Figure 11b ) of the model because the northwest region (landward portion of Figure 11b ) contains a thicker section of a low-permeability clinoform in Unit 3 as compared to the northeastern region (landward portion of Figure 11a ). The difference in remnant overpressure results in a different salinity pattern where the northwestern region has more freshwater and a greater offshore extent of freshwater compared to the northeastern region (Figures 11c and 11d) .
The results of the sensitivity studies in our analyses further highlight the important effect of an extensive MIS 12 ice sheet for the emplacement of a large volume of freshwater offshore Massachusetts. In all three sensitivity studies, the addition of the MIS 12 ice sheet increased the amount of offshore freshwater (Table 5) . For SS1 and SS2, the predicted extent of freshwater from the MIS 12 ice sheet at present is primarily contained within 30 km of Martha's Vineyard (Figures 10b2 and 10c2) . This is similar to the base-case model ( Figure  10a2 ). This volume of freshwater is twice as much as predicted based on a simplified lithology (SS3) and as predicted based on the LGM ice sheet extent only (Table 5) . Thus, our knowledge of an extensive MIS 12 ice sheet and our improved three-dimensional model geometry allow us to better constrain probability for a relatively large volume of nonrenewable freshwater to exist offshore Massachusetts.
Seafloor Topography and Sea Level Change
Seafloor topography (elevation and relief) has a direct control on the infiltration of freshwater and the distribution of the mixing zone between freshwater and salt water because (1) seafloor elevation determines exposure during a lowstand, where a lowstand exposes the shelf to increased meteoric recharge [Meisler et al., 1984] and (2) seafloor relief controls the rate of shoreline transgression during sea level rise, where rapid transgression leads to density instabilities (high-density salt water overlying low-density freshwater) that lead to advection and a broad zone of brackish water [Kooi et al., 2000] . In simple, cross-sectional numerical models, these processes proved effective at emplacing freshwater and creating broad zones of brackish water offshore. In our three-dimensional model, however, we observe these processes occurring in the north-south (downdip/shore-normal) and east-west (along-strike/shore-parallel) directions because of variations in the threedimensional seafloor elevation of 20 m across the northern section of the model (Figures 3 and 7) . For the base-case model with sea level change only, freshening of the sediments occurs for a longer period of time on the northeastern side of the model during each sea level lowstand, and consequently the northeastern side of the model contains fresher water (Figure 7a ).
The east-west difference in elevation across the model domain also results in different average salinity across the region that experienced ice sheet loading (Figure 7c ). The eastern half of the model has an average salinity of 10.1 ppt and the western half has an average salinity of 18.6 ppt, even though the cross section experienced the same magnitude of ice sheet loading. This further shows that topography has a strong control on the freshwater distribution. Previous, two-dimensional, cross-section models were not able to explore the subtle effects of seafloor elevation on freshwater distribution after glaciations.
Seafloor topography also affects the distribution of freshwater in near-surface sediments (Units 6 and 7) as it engenders convection cells up to tens of kilometers in length and up to 100s of meters in depth that redistribute fresh and saline water (Figure 12 ). The convection cells develop from density differences that are a direct result of the seafloor topography. Seafloor relief causes isotherms in the near-surface sediments to dip (i.e., they parallel the seafloor), which can induce thermally derived density differences and convection in high-permeability (>10 215 m 2 ) sediments [Wilson and Ruppel, 2007] . For that reason, convection cells do not develop in the sensitivity test (SS1), which contains a low-permeability layer at the surface (Figures 10a1 and 10a2 ). Seafloor elevation controls shelf exposure time, where sea level lowstands cause dense saline water to move downward, which can induce salinity-derived density instabilities and convection [Kooi et al., 2000] . For that reason, we observe convection cells on the exposed portion of the shelf (Figures 12a and 12b) .
The convection cells in the base-case model develop periodically across the model space both above and below sea level; however, they are more numerous when the shelf is inundated. The periodic development of the convection cells in the upper sediment layers affects the freshwater distribution in two ways: (1) during a sea level lowstand, there are regions of the model with subaerial surface nodes that are not freshening as fluid is being discharged in these areas and, therefore, freshwater cannot infiltrate and (2) during a sea level highstand, there are previously freshened regions of the model with subaqueous surface nodes that are not becoming more saline as fluid is being discharged in these areas and seawater cannot infiltrate. This suggests that areas of high-permeability offshore may have freshwater that was emplaced during a sea level lowstand and preserved as convection cells that developed subsequently during a sea level highstand prevented the infiltration of seawater into the sediments. 
Current Freshwater Distribution
The discovery of an MIS 12 glaciation that extended to near the shelf-slope break suggests that there is an increased likelihood of freshwater far offshore Massachusetts; however, three-dimensional variation in seafloor elevation and the three-dimensional distribution of stratigraphy (clinoform confining units and carbonate sands) strongly influenced the emplacement and distribution of freshwater through time. Most of the presentday freshwater is in the northern section of the model domain within 30 km of Martha's Vineyard (Figure 13 ). This freshwater is distributed in a complex pattern influenced by the stratigraphy and the history of sea level and glaciations. van Geldern et al. [2013] observed complex salinity patterns within continental shelf sediments offshore New Jersey that are qualitatively similar to those we simulate. In addition, subtle differences in seafloor elevation resulted in more freshwater on the eastern half of the model than the western half (Figure 13 ), even though there was more freshwater in the western half of the model after the MIS 12 ice sheet retreat ( Figure  11 ). Three-dimensional ice sheet thickness was not explored. Due to the effects of ice sheet gradient on subsurface fluid flow, we infer that the three-dimensional ice sheet thickness would also have an impact on freshwater emplacement and distribution. Future studies, including offshore drilling or electromagnetic surveys, could provide critical data to improve our understanding of the complex relationship between threedimensional shelf stratigraphy, three-dimensional seafloor topography, and three-dimensional ice sheet growth. A better understanding of the freshwater distribution and dynamics may help constrain (1) the generation of microbial methane [Martini et al., 1998; Schlegel et al., 2011] ; (2) the availability of freshwater resources [Kooi and Groen, 2003; Person et al., 2007a; Post et al., 2013] ; (3) submarine groundwater discharge and the nutrient supply to the ocean over time [Slomp and Cappellen, 2004] ; and (4) the safety and long-term storage of nuclear waste [Iverson and Person, 2012; Vidstrand et al., 2013] .
Conclusions
Three-dimensional, variable-density, numerical modeling that couples fluid flow and heat and solute transport on the continental shelf offshore Massachusetts provides evidence that the extent and duration of ice sheet advance on the continental shelf impacts freshwater emplacement volumes in the continental shelf. In our modeled system, an MIS 12 ice sheet followed by four late Pleistocene glacial cycles resulted in as much as 100 km 3 of present-day freshwater offshore (base case, sensitivity study 1, and sensitivity study 2 models).
Most of the freshwater (<5 ppt salinity) is within 30 km of Martha's Vineyard and shallower than 500 mbsl. Sensitivity studies that address permeability also show that the MIS 12 ice sheet resulted in significantly larger volumes of freshwater (70-109 km 3 ) as compared to models that only included the LGM ice sheet (35-58 km 3 ) and models that did not include ice sheets (0-26 km 3 ). We demonstrate that more freshwater exists offshore than previously estimated; this is due to better constraints of the glacial history and inclusion of detailed threedimensional topography and lithology. Additional constraints on ice sheet extent, duration, and size and on physical properties of shelf sediments may help refine emplaced freshwater volumes. New observations, either direct with drilling and sampling or interpretation via electromagnetic methods, however, are required to provide tests of these models. Accurate emplacement volumes are valuable as the freshwater that exists offshore is an important, nonrenewable resource for Massachusetts's coastal communities, however, geochemical data are needed to further determine the distribution of the freshwater and to fully address its utility as a resource.
